In most human breast cancer cell lines, there is a direct correlation between their in vivo invasive phenotypes and in vitro invasion activities. Here, we found that ADP-ribosylation factor 6 (Arf6) is localized at the invadopodia of the cultured breast cancer cells MDA-MB-231, and its suppression by a small-interfering RNA duplex effectively blocks the invasive activities of the cells, such as invadopodia formation, localized matrix degradation and Matrigel transmigration but not the cell-adhesion activity. We also found that the GTP hydrolysis-defective mutant Arf6(Q67L) and the GTP-binding defective mutant Arf6(T27N) both blocked these invasive activities but not cell adhesion, suggesting the necessity of continued activation and cycling of the Arf6 GTPase cycle in invasion. Among the different human breast cancer cell lines that we examined, cell lines with high invasive activities expressed higher amounts of Arf6 protein than those in weakly invasive and noninvasive cell lines, although no notable correlation was found between Arf6 mRNA expression levels and invasive activities. Moreover, Matrigel-transmigration activity of all of these invasive cells was blocked effectively by an Arf6 small-interfering RNA duplex. Hence, Arf6 appears to be an integral component of breast cancer invasive activities, and we propose that Arf6 and the intracellular machinery regulating Arf6 during invasion should be considered as therapeutic targets for the prevention of breast cancer invasion.
T
he metastatic potential of carcinomas constitutes a major cause of the poor prognosis of patients and correlates well with the invasive phenotype. Thus, an enormous amount of effort has been made to try to inhibit the invasive and migratory activities of carcinoma cells. For example, because matrix degradation by metalloproteases and serine proteases is essential for invasion, many inhibitors against these proteases have been developed. However, clinical trials for patients with late-stage cancers have so far shown these inhibitors to be largely ineffective in slowing tumor progression and metastasis. This phenomenon is attributed to the complicated and simultaneous involvement of different types of proteases in matrix degradation (1) (2) (3) (4) , as demonstrated in experimental systems in vitro (5) . One of the best alternatives may, hence, be to target the molecular machinery involved in the more fundamental aspects of cancer invasion and migration. The small GTPase ADP-ribosylation factor 6 (Arf6) regulates membrane recycling and remodeling at the cell periphery, and it has been implicated in the higher orders of cellular functions (6) . Here, we show that Arf6 plays an essential role in the invasive activities of human breast cancer cells. Possible roles of other Arf isoforms in cancer invasion and migration were examined also.
Materials and Methods

Cells and Small-Interfering RNA (siRNA)-Mediated Silencing of Protein
Expression. Human breast cancer cell lines were obtained from the American Type Culture Collection. MDA-MB-231 cells were cultured in a 1:1 mixture of DMEM and RPMI 1640 supplemented with 10% FCS (HyClone) and 5% NuSerum (Becton Dickinson), as described (7) . Other human breast cancer cell lines were cultured according to the manufacturer's instructions (American Type Culture Collection). A primary culture of human normal mammary gland cells was purchased from Cambrex (East Rutherford, NJ) and cultured according to the manufacturer's instructions. HeLa cells were cultured in DMEM supplemented with 10% FCS (HyClone). Silencing of protein expression was performed by using the siRNA technique, as described (8) . Duplex oligonucleotides, 5Ј-GCACCG-CAUUAUCA AUGACCGUU-3Ј and 5Ј-CGGUCAUU-GAUAAUGCGGUGCUU-3Ј, designed for Arf6 silencing were chemically synthesized and purified by Japan BioServices (Saitama, Japan). As a control, an siRNA duplex with an irrelevant sequence (5Ј-GCGCGCUUUGUAGGAUUCG-3Ј and 5Ј-CGCGCGA A ACAUCCUA AGC-3Ј; Dharmacon, Lafayette, CO) was used. Cells cultured in the growth medium were transfected with 25 nM oligonucleotide duplexes by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions and incubated for 24 h before being subjected to analyses. Cell viability was measured by using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) colorimetric assay kit (Promega) according to the manufacturer's instructions.
cDNAs and Their Transfection. Hemagglutinin (HA)-tagged Arf cDNAs each in the pcDNA3 vector were gifts from K. Nakayama (Kyoto University). The Tac cDNA has been described (9) . Wild-type and mutant Arf cDNAs that were used in this study are described in the legend to Fig. 3 . Enhanced GFP (EGFP)-tagged Arf1 and Arf6 cDNAs, each in the pBabe vector (10), were constructed as follows. Each PCR-amplified Arf cDNA fragment was ligated into the XhoI site of pEGFP-N1 (Clontech), and the NheI-NotI fragment was then isolated, blunted, and ligated into the SnaBI site of the pBabePuro vector. The pBabe vector utilizes the murine leukemia virus LTR to transcribe cDNA sequences inserted in the vector. pEGFP-C1, encoding the EGFP protein, was purchased from Clontech. For invasion, migration, and adhesion assays of Arf cDNA transfected cells, 5 ϫ 10 5 cells were cotransfected with 5 g of HA-tagged Arf cDNA in the pcDNA vector and 0.2 g of pEGFP-C1 by using Trans IT-LT1 (Mirus, Madison, WI) according to the manufacturer's instructions and incubated for 24 h in growth medium before being subjected to analyses. An empty pcDNA3 vector was used as a negative control (mock), instead of Arf cDNAs. Under these conditions, we observed by detecting the autofluorescence from EGFP and immunostaining cells with an anti-HA antibody that Ͼ95% of EGFP-positive cells also expressed HA-tagged Arf proteins. To achieve very low level expression, 5 ϫ 10 5 cells were transfected with 0.3 g of pBabe Arf6-EGFP or pBabe Arf1-EGFP by using Trans IT-LT1 and incubated for 24 h before analysis. For the rescue assay of Arf6 siRNA treatment, the mutant Arf6-EGFP cDNA in the pBabe vector was constructed by substituting the nucleotide within the siRNA target to 5Ј-TCATAGGATAATTAACGATAG-3Ј (substituted nucleotides are italicized). These substitutions do not change the coding amino acids. We then cotransfected 5 ϫ 10 5 cells with 2 g of this cDNA together with 25 nM of the Arf6 siRNA oligonucleotide duplex by using Lipofectamine 2000 and incubated them for 24 h before analyses.
Immunoblotting. Antibodies against the following proteins were purchased from commercial sources: Arf6 (Santa Cruz Biotechnology), Arf (Affinity BioReagents, Golden, CO), ␤-actin (Sigma), Tac (7G7; Upstate Biotechnology), cortactin (Upstate Biotechnology, Lake Placid, NY), the HA sequence (Babco, Richmond, CA), MMP2 (Chemicon), and MMP9 (Santa Cruz Biotechnology). Immunoblot analyses of cell lysates were done after the separation of cell lysates (20 g per lane) by SDS͞ PAGE, as described (11). Amounts of proteins were then measured by a GT8700 Scanner densitometer (Epson, Tokyo) using NIH IMAGE, version 1.63, software. Data are presented as mean Ϯ SEM from at least three independent experiments.
Invadopodia Formation and Localized Gelatin Matrix Degradation.
Porcine skin gelatin (Type A with 300 Bloom; Sigma) was conjugated with Alexa-594 (Molecular Probes) by incubation at 37°C for 1 h according to the manufacturer's instructions. Coating of glass-bottomed dishes (MatTek, Ashland, MA) with the fluorescence-conjugated gelatin and the subsequent crosslinking of the gelatin with 0.5% glutaraldehyde were performed as described (12) . Cells were replated onto the fluorescenceconjugated, cross-linked gelatin matrix-coated dishes in the growth medium and incubated for 16 h and then fixed in 4% paraformaldehyde for 20 min at room temperature. Immunostaining of fixed cells was performed as described (12) . Cortactin was visualized by using an anticortactin antibody coupled with a Cy2-conjugated anti-mouse IgG antibody (Jackson ImmunoResearch), and F-actin was visualized with biotinylated phalloidin (Molecular Probes) and Cy5-conjugated streptavidin (Jackson ImmunoResearch). Fluorescence microscopy was performed by using an LSM 510 confocal laser-scanning microscope (Zeiss) and the associated software, as described (11) . To determine the number of degrading cells and degraded areas for each experiment, we considered 100 random fields (containing at least 50 cells) at a ϫ63 magnification. Each figure shows representative results that were observed in a majority of the cells in at least three experiments. Error bars represent SEM.
Matrigel Invasion Assay. Matrigel invasion assay was performed by using Biocoat Matrigel chambers (Becton Dickinson), as described (13) . Briefly, 1 ϫ 10 5 cells were seeded on the upper wells of 24-well chambers in the absence of serum, in which the lower wells were filled with conditioned medium of NIH 3T3 cells cultured for 24 h in the absence of serum. After incubation for 6 h, cells invaded into Matrigel and migrated out onto the lower surface of the membrane were fixed in 4% paraformaldehyde. These cells were then stained with 1% crystal violet (for siRNA-treated cells) or subjected to identification of EGFPpositive cells by detecting the autofluorescence using LSM 510 laser scanning microscope (for Arf cDNA transfected cells). Data collection and presentations are the same as above.
Haptotactic Migration and Cell-Adhesion Assays. Haptotactic cell migration assay was performed in the absence of serum by using modified Boyden chambers (Transwell with 8-m pores; Costar), in which the lower surface of the membrane was coated with collagen type I (10 g͞ml), as described (14) . Cell-adhesion assay onto collagen type I-coated dishes (10 g͞ml) was also described (14) .
Gelatin Zymography. We incubated 5 ϫ 10 5 siRNA-treated cells in the absence of serum for 12 h, and the cultured medium was harvested and centrifuged at 10,000 ϫ g for 2 min. The supernatants were then concentrated by using a Centricon centrifugal filter (10-kDa cut size; Millipore), separated by SDS͞PAGE, and subjected to zymography for gelatin degradation, as described (15) . Positions of MMP2, MMP9, and their active forms were identified with cell lysates run simultaneously on the same SDS͞PAGE gels, as described (15) .
Recycling of Tac. Internalization of Tac and its recycling back to the cell surface were measured as described (16) by using an anti-Tac antibody. Cell-associated Tac antigens were then detected by using Cy3-conjugated anti-mouse IgG antibodies. Transfection-positive cells were identified by the autofluorescence from EGFP or by immunolabeling of transfected proteins by their tags. Cells were scored as being blocked only if there was Ͼ80% inhibition of internalization or recycling back of Tac. We examined Ͼ100 transfection-positive cells in each experiment.
Real-Time PCR. Total cellular RNA was isolated by using TRIzol (Life Science, Arlington Heights, IL). Random-primed cDNAs, prepared from 2 g of cellular RNAs by using the SuperScript first-strand cDNA synthesis kit (Invitrogen), were subjected to real-time PCR amplification analysis using the LightCycler FastStart DNA Master SYBR Green I (Roche) and the LightCycler (Roche), according to the manufacturer's instructions. PCR amplification conditions were as follows: 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, 55°C for 5 sec, and 72°C for 5 sec. The following Arf6 primers were used: 5Ј-ATGGGGAAGGTGCTATCCAAAATC-3Ј and 5Ј-GCAGTC-CACTACGAAGATGAGACC-3Ј. We used ␤-actin primers (Takara Shuzo, Kyoto) as internal controls.
Results
siRNA-Mediated Suppression of Arf6 Blocks Invasive Activities of
Breast Cancer Cells. We made oligonucleotides for human Arf6 siRNA, and we tested whether they inhibit the invasion and migration of MDA-MB-231 cells, a commonly used cell line for studying the molecular bases for human breast cancer cell invasion and metastasis (17) . Treatment of cells with the oligonucleotides effectively blocked Arf6 expression to levels Ͻ10% of those in control cells ( Fig. 1 A and B) . Under these conditions of Arf6 siRNA treatment, cell viability was not affected (Fig.  1C) . MDA-MB-231 cells produce invadopodia that extend into the matrix substratum, such as collagen and gelatin matrix (7, 12, 18) . These cells actively reform invadopodia, leaving a cumulative record of matrix degradation. We found that both invadopodia formation and localized gelatin matrix degradation were effectively blocked by Arf6 siRNA treatment (Fig. 1 D-F ). Invadopodia were identified by staining cells with their markers, cortactin and F-actin (7), and matrix degradation was assessed by seeding cells on a fluorescently labeled, cross-linked gelatin matrix and detecting spots where the fluorescence signals had disappeared, as described (12) . Chemoinvasion activity, in which cells migrate toward chemoattractants by breaking through a barrier of Matrigel, was also effectively blocked by Arf6 siRNA treatment (Fig. 1G) . We also found that Arf6 siRNA treatment inhibits the haptotactic migratory activity toward collagen (Fig.  1H) , in which matrix degradation is not necessary. However, unlike the invasive activities, the rate of inhibition of migration was only Ϸ50%, suggesting nonidentical requirements for Arf6 in invasion and migration. On the other hand, Arf6 siRNA did not inhibit cell adhesion onto collagen (Fig. 1I) , nor did it inhibit the secretion of active MMP2 and MMP9 (Fig. 1J) . We also confirmed that effects of Arf6 siRNA can be restored to almost normal by the simultaneous expression of Arf6 rescue cDNA (data not shown).
Arf6 Localizes at Invadopodia of Breast Cancer Cells. Arf6 accumulates at Fc␥ receptor-based phagocytic cups of macrophages, which extend out from the plasma membrane to engulf IgGopsonized particles (11) . There are striking similarities between phagocytic cups and invadopodia: invadopodia are not only structures that extend out of the plasma membrane, but in MDA-MB-231 cells, invadopodia have been shown to be sites where cells phagocytose degraded gelatin by means of internalization of integrin ␣3␤1 bound to the matrices (18). We then examined whether Arf6 localizes to invadopodia. We expressed Arf6 tagged with EGFP, in a manner by which the expression levels were tuned carefully to be within a 2-fold excess of that of endogenous Arf6 to avoid the potential effects of overexpression (data not shown). We found that Arf6-EGFP also localizes within sites of the cumulative record of matrix degradation, in addition to the plasma membrane areas (Fig. 2A Upper) . This localization was still observed when the focus was adjusted 0.7 m beneath the cell bottom (Fig. 2 A Lower) . Arf6-EGFP also colocalized with cortactin and F-actin at matrix-degradation sites (data not shown). On the other hand, Arf1-EGFP does not localize to matrix-degradation sites (Fig. 2B) . We have tried in vain to stain invadopodia clearly with the currently available anti-Arf6 antibodies.
Evidence for Requirement of Continued Activation of the Arf6 GTPase
Cycle in Cancer Invasion. To obtain insight into how Arf6 is involved in invasion, we next expressed its mutant cDNAs. We found that both the GTP hydrolysis-defective Arf6(Q67L) and the GTP binding-defective Arf6(T27N) mutants blocked invadopodia formation, localized matrix degradation, and Matrigel chemoinvasion ( Fig. 3 A-C) . Overexpression of wild-type Arf6 also blocked these activities (Fig. 3 A-C) , in cells in which expression was Ͼ20-fold higher than that of endogenous Arf6 (Fig. 3F) . Cell viability was not affected under these conditions (data not shown). To examine whether exogenous expression of wild-type Arf6 always gives rise to an inhibitory effect, we isolated MDA-MB-231 cells stably expressing exogenous wildtype Arf6. We found that cell clones expressing exogenous Arf6 at levels only 2-to 3-fold higher than that of endogenous Arf6 exhibited almost similar or slightly augmented activities of invasiveness (Fig. 3 G-I) . Cells stably expressing wild-type Arf6 at much higher amounts, as achieved by the transient expression of Arf6, were not obtained.
The inhibition of Arf6 function by both Arf6(Q67L) and Arf6(T27N) has been reported, such as regarding recycling of the transferrin receptor (19) , Tac (16) , and also Fc␥ receptorbased phagocytosis (11, 20) . Overexpression of wild-type Arf6 also inhibits transferrin receptor recycling (19) and Fc␥ receptorbased phagocytosis (11, 20) . It has, hence, been suggested that the continued activation and cycling of the Arf6 GTPase is necessary for such receptor recycling and phagocytosis. Fc␥ receptor-based phagocytic cups and cancer invadopodia have many similarities, as mentioned earlier. In the case of Fc␥ receptor phagocytosis, Arf6(Q67L), Arf6(T27N), and wild-type Arf6 overexpression have been shown to all block pseudopod extension at the initial stage of phagocytosis, similar to what we observed in the inhibition of invadopodia formation. On the other hand, in the case of recycling of the transferrin receptor and Tac, Arf6(Q67L) decreased the rate of endocytosis, whereas Arf6(T27N) inhibited these molecules from recycling back to the cell surface. We then examined whether expression of these Arf6 mutants in MDA-MB-231 cells results in similar effects as when expressed in other cells. To do this, we expressed Tac together with Arf6 in MDA-MB-231 cells. As shown in Fig. 4 , similar manners of inhibition of internalization and recycling back of Tac were observed in MDA-MB-231 cells, as in HeLa cells (16) . However, because MDA-MB-231 cells incorporated fairly large amounts of biotinylated transferrin even at 4°C, we could not assess precisely the effects of Arf6 mutants on the cellular dynamics of transferrin receptors (data not shown).
We also examined the effects of the Arf6 mutants on haptotactic migration, which does not require matrix degradation. We found that although Arf6(Q67L) and Arf6(T27N) also inhibited this migration, the rates of inhibition were significantly less compared with the inhibition observed for the invasions (Fig.  3D) . Moreover, unlike in the case of the invasions, overexpression of wild-type Arf6 did not block haptotactic migration (Fig.  3D) . We have no explanation for why high levels of Arf6 overexpression blocked cancer invasion whereas it did not block haptotactic migration. This result was, however, reproducible. Because Arf6 siRNA inhibits haptotactic migration only partially while it substantially blocks invasion, this finding also suggests the unequal involvement of Arf6 in migration and invasion of breast cancer cells.
Comparison with Other Classes of Arf Isoforms. Besides Arf6, there are five isoforms of Arf in mammalian tissues (Arf1-5) (21). They are subclassified as class I (Arf1-3), class II (Arf4 and Arf5), and class III (Arf6), based on their sequence similarity (21) . Class I Arfs are involved primarily in secretion and Golgi function (21, 22) , whereas the function of the class II Arfs is still largely unknown. The possible involvement of Arf isoforms other than Arf6 in cancer cell invasion has been suggested by the use of brefeldin A (23, 24) , which inhibits the functions of Arfs with the exception of Arf6, by blocking several guanine nucleotide exchange factor (GEF) activities (25) . We next investigated the specific part, if any, played by Arf6 among the Arf isoforms in cancer cell invasion. For this purpose, we used Arf1 and Arf5, as representing the class I and class II Arfs, respectively. Forced Possible requirement for the Arf6 GTPase cycle in the invasive activities of MDA-MB-231 cells. Cells were transiently cotransfected with pEGFP-C1 (for EGFP) and a plasmid each expressing wild-type, GTP hydrolysisdefective (Q67L for Arf6, and Q71L for Arf1 and Arf5), or GTP bindingdefective (T27N for Arf6, and N126I for Arf1 and Arf5) mutants tagged with the HA sequence (A-F), or cells stably expressing HA-tagged wild-type Arf6 at levels 2-to 3-fold higher than that of endogenous Arf6, were established (G-L). They were subjected to gelatin matrix degradation (A, B, G, and H) , Matrigel invasion (C and I), haptotactic cell migration toward collagen (D and J) and cell adhesion onto collagen (E and K). Experiments and figure presentations are the same as shown in Fig. 1 , except only EGFP-positive cells assessed by autofluorescence from EGFP were examined and normalized for cell number of the EGFP-positive cells (A-E). Where cells did not degrade the gelatin matrix, no appreciable invadopodia were formed, as assessed by the anticortactin antibody and phalloidin staining (ref. 12 
and data not shown). (F and L)
The expression of each HA-tagged Arf was detected by an anti-HA immunoblot (Upper). By using an Arf6 mAb, expression of the exogenous Arf6 proteins ( " ) was also compared with that of endogenous Arf6 (Š) (Lower). Antibodies specific for Arf1 and Arf5 are not available.
expression of wild-type Arf1, as well as expression of the GTP-hydrolysis defective or GTP-binding defective mutants, all significantly blocked the invasive activities, whereas none of the Arf1 cDNAs exerted any inhibitory effects on haptotactic migration ( Fig. 3 A-D) . On the other hand, expression of Arf5 or its mutants did not block invasion or haptotactic migration (Fig.  3 A-D) . None of the Arf isoforms nor the mutants blocked cell adhesion (Fig. 3E ). Therefore, among the different classes of Arfs, Arf6 is unique in participating in both invasive and migratory activities of breast cancer cells.
Arf6 in Other Human Breast Cancer Cells. We finally examined whether our findings described above applies to other human breast cancer cell lines with different invasive activities (7, 13) . We also used a primary culture of human normal mammary gland cells, which did not show any invasive activities in in vitro cultures. We found significantly higher levels Arf6 protein expression in those cell lines which are known to exhibit high invasive activities in the Matrigel invasion and chemotaxis assay, as compared with weak and noninvasive cells (Fig. 5A) . However, Arf6 mRNA levels in these cells, assessed by a quantitative method, did not correlate with the enhanced protein expression (Fig. 5A) . We also observed that Arf6 siRNA treatment of these highly invasive cancer cells also effectively blocked their invasive activities (Fig. 5B) . In all of these cell lines, siRNA treatment suppressed Arf6 protein expression to levels Ͻ10% of those in untreated cells without affecting their immediate cell viability (data not shown).
Discussion
In this article, we show that Arf6 is an integral component necessary for the invasive activities of MDA-MB-231 cells. Moreover, our analysis on other representative, well characterized cancer cell lines support the idea that Arf6 may be involved more generally in the invasive phenotypes of human breast cancer. Our study using MDA-MB-231 cells also suggests that the continued activation and cycling of the Arf6 GTPase cycle are necessary for the invasive activities of breast cancer cells, as has been proposed for receptor recycling and phagocytosis. In the case of Fc␥ receptor phagocytosis, continued activation of the Arf6 GTPase cycle is thought to be required for membrane mass supply for extension, perhaps by facilitating endosomal recycling (11, 20, 26) , whereas intercommunication of Arf6 with Rac1 may also play a role in phagocytosis (27) . Given the close similarity between Fc␥ receptor phagocytic cups and invadopodia, it is conceivable that continued Arf6 GTPase cycling may be similarly required for plasma membrane extension during invadopodia formation. However, the detailed mechanisms of how Arf6 is involved in Fc␥ receptor phagocytosis have not been well established. Likewise, we have yet to analyze the precise molecular mechanisms by which Arf6 is involved in the invasive activities of breast cancer cells.
We observed higher Arf6 protein expression in highly invasive breast cancers than in weakly invasive or noninvasive breast cancers and normal mammary epithelial cells, although Arf6 mRNA levels do not correlate with invasiveness. Consistent with our observations, gene-profiling analyses of primary breast tumors have not implicated enhanced expression of Arf6 mRNA with the progression of malignancy (28). Thus, a posttranscriptional process may be involved in the regulation of Arf6 protein expression in cancer cells, rather than the simple regulation of its mRNA levels. Possibly related to this notion, cellular protein levels of Arf6 appear to be regulated tightly by its ubiquitination and its subsequent degradation (I. Kobayashi and H.S., unpublished data). To examine whether higher levels of Arf6 protein expression indeed correlate with tumor malignancy and acquisition of invasive phenotypes, Arf6 antibodies that can be applied to immunohistochemical analyses of clinical specimens will be required.
Our results indicate that Arf6 can be considered as a target for developing therapeutics preventing breast cancer-cell invasion. However, Arf6 is expressed ubiquitously in adult tissues (29) . Thus, its direct manipulation may cause serious side effects on normal tissues, unless methods to deliver the siRNAs or inhib- itors selectively to cancer cells are developed. However, we showed also that Arf6(Q67L) and Arf6(T27N) both block cancer cell invasion and migration effectively. Therefore, given that Arf6 itself cannot be a direct target, GEFs and GTPaseactivating proteins (GAPs) for Arf6 can alternatively be considered as targets for therapeutics. Normal breast epithelia in adults do not exhibit an invasive phenotype, although they possess Arf6. It is, thus, conceivable that the invasive activity shown by breast carcinomas might be reminiscent of mechanisms used by epithelia in other stages such as during embryonic development, or used in other types of cells. The number of genes coding for Arf GEFs and Arf GAPs in humans is significantly larger than that for the Arf isoforms and Arf-like factors, and more than one type of GEF or GAP has been shown to act on Arf6 (6, 30, 31) . Arf6 is versatile (6) , and different GAPs and GEFs act on Arf6, perhaps depending on its different functions. We have already identified an ArfGAP that localizes to invadopodia of cultured breast cancer cells and is essential for invasion (Y.O. and H.S., unpublished data). This GAP is highly expressed in invasive ductal carcinomas in clinical specimens of human breast cancer, although its expression is low in ductal carcinomas in situ and in adult normal mammary epithelia (Y.O., S.H., and H.S., unpublished data).
In conclusion, we propose that Arf6 plays an essential role in the invasive phenotype of human breast cancer cells. Further identification and characterization of its auxiliary proteins, including GEFs, which are abnormally used in breast carcinomas for their invasion, could possibly greatly facilitate the development of therapeutics for the prevention of breast cancer cell invasion and perhaps also for preventing metastasis.
